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Introduction 
In association with food or water, Enteric organisms such as Escherichia coli, enter the host 
intestine via the stomach or gastric acid defense and colonize the distal ileum and colon 
through competition with commensal organisms. In this process, E.coli is frequently 
subjected to a variety of adverse conditions such as osmotic stress and acidic environments 
around pH 2 encountered in the mammalian stomach. Therefore understanding of the 
effects of stress on the physical tolerance of E.coli is important in order to assess and 
minimize the risk of food-borne illness. Many reports have reported that specific metabolic 
pathways participate in the bacterial growth and survival under these disadvantageous 
conditions. It is reasonable to assume that K+ participates in the metabolic pathways 
operating under these conditions.  
K+ is the most dominant monovalent intracellular cation of E.coli as well as other 
prokaryotic and eukaryotic cells. Maintenance of turgor is a fundamental regulatory process 
in microorganisms. Intracellular K+ makes a major contribution to the turgor maintenance 
(Epstein 1986) and K+ usually is maintained to a high concentration level from 100mM to 
near 1M with the change of medium osmolarity in bacterial cells (Epstein 1986; Richey et 
al. 1987; Mclaggan et al. 1994). In addition, intracellular K+ is believed to be important for 
cellular metabolic processes such as the activation of ribosomes and some cellular enzymes 
(Suelter 1970; Conn et al. 2002), pH homeostasis (Booth 1985, 1999), gene expression 
(Prince and Villarejo 1990),  regulation of several stress responses (Csonka and Hanso 
1991) and a second messenger in stimulating the accumulation of compatible solutes 
(Brown 1990; Epstein 2003).  
K+ transport systems are most studied at neutral pH.  In response to changes in the 
environments, the intracellular K+ concentration is regulated through a number of different 
transport systems including uptake systems, such as Kdp, Trk, and Kup (Rhoads et al. 
1976; Dosch 1991; Bossemeyer et al. 1989), and efflux systems (Kefs) (Bakker et al. 1987) 
in E.coli. Under normal physiological conditions, E.coli takes up K+ through two 
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constitutive systems, Trk and Kup which have a low affinity for K+ (Km=1mM, 0.37mM, 
respectively) (Bossemeyer et al. 1989). At neutral and alkaline conditions TrkA appears to 
be most prominent, whereas Kup is important at low pH (Trchounian and Kobayashi 1999). 
When E.coli cells are subjected to osmotic upshock and extreme K+ limited growth 
conditions ([K+]e<2mM), the high affinity (Km=2µM) Kdp-ATPase (Potassium dependent 
adenosine triphosphatase) is induced (Rhoads et al. 1976;  Asha and Gowrishankar 1993). A 
genetic analysis of constitutive K+ uptake suggested the existence of a system with low rate 
of transport, called TrkF, with diffusion-limited kinetics (Epstein and Kim 1971; Rhoads et 
al. 1976). It is clear that TrkF was driven by proton motive force (Rhoads and Epstein 
1977), but its mechanism is not known because to date no gene responsible for TrkF 
activity was identified (Fig.1). 
On the other hand, excess amount of K+ can be toxic to the living cells (McLaggan et al. 
2002, Cui and Adler 1996), so K+ extrusion systems were activated under such conditions. 
The well-studied K+ efflux systems in E. coli are KefB and KefC, the activity of these 
systems was only elicited when the cells were treated with reducing compounds such as N-
ethylmaleimide (NEM) and chlorodinitrobenzene (Bakker et al. 1987; Elmore et al. 1990). 
Recent data indicated that ChaA was able to catalyze K+ efflux against  K+ concentration 
gradient (Radchenko et al. 2006), but the speed of K+ efflux was slower than that of Na+ 
extrusion (Sakuma et al. 1998). The detail mechanism about K+ efflux systems has not yet 
been clarified. 
K+, both as an extracellular signal and as an intracellular metabolic regulator, plays a 
critical role in adaptation to stressful environments in bacteria (Csonka and Hanson 1991). 
Most previous work on potassium transport had been studied in log phase and near neutral 
conditions. In contrast, our knowledge about the regulation of potassium ion level is 
considerably limited under the acidic conditions and stationary phase. So I focused my 
study on the regulation of potassium ion level under these environments. 
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Chapter 1 
  
Expression and activity of Kdp under acidic conditions in Escherichia coli 
 
Introduction 
Expression of kdpFABC operon (Gassel et al. 1999) is under control by regulator proteins 
KdpD and KdpE, which constitute a typical sensor kinase / response regulator system 
(Polarek et al. 1992; Walderhaug et al. 1992). The sensor kinase KdpD is an intergral 
protein of the cytoplasmic membrane consisting of a large cytoplasmic N-terminal domain, 
four putative trans-membrane domains, and extended cytoplasmic C-terminal domain 
(Zimmann et al. 1995). KdpD undergoes autophosphorylation (at His-673) and 
subsequently transfers the phosphoryl group to the response regulator KdpE (at Asp-52) 
(Voelkner et al. 1993). Phosphory-lated KdpE exhibits increased affinity for a 23 base pair 
sequence upstream of the canonical -35 and -10 region of the kdpFABC promoter and 
thereby triggers kdpFABC transcription (Sugiura et al. 1992).  
In contrast to near neutral pH, few reports have examined the expression and activity of 
K+ transport systems under acidic conditions (Trchounian and Kobayashi 1999; Asha and 
Gowrishankar 1993). It has been reported that the uptake activities of TrkA was decreased 
at low pH and that Kup becomes a more important system upon hyper-osmotic at acidic pH 
to compensate for the decrease in the Trk function (Trchounian and Kobayashi 1999). The 
expression of kdp was shown to increase at acidic pH (Asha and Gowrishankar 1993), but 
the mechanism behind this is not known.  
Since K+ play important roles in the cells, it is therefore necessary to clarify the 
mechanism regulating the internal K+ level under acidic conditions in order to increase our 
understanding not only about  bacterial physiology but also pathogenesis.  
In this study, we examined the transport activity of Kdp and the expression of its gene at 
acidic pH and found that the transport activity of Kdp is decreased at low pH and that the 
 - 7 - 
expression of kdp is regulated by the internal K+ concentration in a pH-independent manner 
under the low osmolarity. Consequently, the low activity of Kdp was compensated for by 
the induction of it’s elevated expression by low K+ accumulation via Kdp at acidic pH. 
 
 
MATERIALS AND METHODS 
Bacterial strains, plasmid, and phage. 
The E.coli strains used in this study are listed in Table1. Cells were grown at 37°C in the 
minimal medium containing 60mM HEPES (N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid), 5mM Na2HPO4, 20mM NH4Cl, 1mM MgSO4, 0.1mM CaCl2, 0.1mM 
FeSO4, 0.5% tryptone, and 1% glucose at pH7.5. MES (2-(N-morpholino) ethanesulfonic 
acid) was used instead of HEPES for medium of pH5.5. The medium pH was adjusted by 
the addition of NaOH, and the external K+ concentration was adjusted by the addition of 
KCl. After the cells had been cultured overnight, they were diluted 500 fold with fresh 
medium, and harvested at the exponential phase. Growth was monitored by measuring the 
optical density of the medium at 600nm. 
 
Measurement of the intracellular K+ level 
The intracellular K+ concentration was measured as described previously (McLaggan et al 
1994) with the following modifications. After the optical density of the growth medium had 
reached 0.3, 1.0 ml of the cultured medium was layered onto the 0.30 ml of lauryl-bromide 
(1-bromododecane) in a 1.5ml eppendorf tube and was immediately centrifuged at 12,000 
rpm for 5min at the room temperature to separate the cells from the medium. After the 
supernatant and oil (lauryl-bromide) have been removed, the pellets were suspended in 1ml 
of 5% (w/v) trichloroacetic acid. The resulting suspension was heated at 90°C for 5min and 
then centrifuged at 10,000 rpm for 5min at 0°C. The amount of K+ in the supernatant was 
measured with the polarized zeeman atomic absorption spectrophotometer (model Z-7000; 
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Hitachi), and the intracellular K+ concentrations were calculated through divided by the 
water content of the cells. The amount of protein in the pellets was measured as described 
previously (Lowry et al. 1951). Bovine serum albumin was used as a standard. The 
measurement of K+ was repeated three times using three separate cultures unless otherwise 
indicated, and mean values and standard deviations were calculated.  
 
Measurement of K+ uptake activity 
K+ uptake activity was measured using K+ depleted cells as described previously (Rhoad et 
al. 1976) with the following modifications. After the optical density of the growth medium 
had reached 0.3, the cells were harvested and washed with a solution similar to growth 
medium but lack of K+ and nitrogen source. The washed cells were then treated with 
5.0mM 2,4-dinitrophenol in the presence of 30µg/ml chloramphenicol (inhibitting protein 
synthesis) for 30min at 37°C in the same buffer to deplete internal K+. After the resulting 
cells had been washed four times with the same buffer, the cells were incubated in growth 
medium containing 10mM K+ at 37°C. The cells were harvested at predefined intervals, 
and the intracellular K+ concentration was measured as described above. The measurement 
was repeated three times using three separate cultures, and mean values and standard 
deviations were calculated.  
 
Construction of the kdp-lacZ fusion gene 
A 850bp fragment of the promoter region of the kdp operon was amplified with PCR using 
the primer (kdpA-F2 TAAAggatccGCCAGCACCATTAACACCAG, bold letters indicated 
BamHI site; kdpA-R2 TATTcccgggTTATTTGTCTGCTGACAGGC, bold letter indicated 
SmaI site) and inserted into BamHI and SmaI sites upstream of the lacZ gene of the pRS551 
plasmid. The resulting plasmid-borne fusion gene was transferred into the λR25 phage 
vector via homologous recombination in vivo. The recombinant prophage containing the 
kdp-lacZ fusion gene was recovered by UV irradiation (Silhavy et al. 1984) and the 
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resulting phage was lysogenized into the chromosomes of MC4100, TK2240 and TK2240 
kdp- cells via infection. The obtained lysogens named YHW6, YHW8 and YHW10 
respectively were selected on LB plates containing  XGal reagent (5-bromo-4-chloro-3-
indolyl- β -D-galactopyranoside). 
 
Determination of β-galactosidase activity   
β-galactosidase activity was measured as described previously with the following 
modifications (Miller 1972). Cells were grown at pH7.5 or pH5.5 minimal medium as 
described in growth conditions containing the indicated amounted of K+. Cells were 
harvested in the logarithmic phase (OD600=0.3). Aliquots (0.2, 0.5, or 1ml) of culture were 
centrifuged at 12,000 rpm for 5min at 0°C. The pellets were suspended in 1ml Z buffer 
(pH7.0) containing 100mM  sodium phosphate; 10mM  KCl; 1mM MgSO4 and 50mM 2-
mercaptoethanol. Cells were treated by the addition 20µl of chloroform and 20µl of 0.1% 
sodium dodecyl sulfate. β-galactosidase activity were assayed by the addition of 200µl of 
4mg/ml ONPG (2-nitrophenyl β-D-Galactopyranoside) and stopped reaction by the 
addition of 500µl of 1M Na2CO3 at predefined intervals. The activity was expressed in 
Miller Units as described previously (Miller 1972). 
 
One-step Gene disruption  
Mutants were prepared as described previously (Datsenko and Wanner 2000) with the 
following modifications. PCR product was generated by using pairs of 60-nt-long primer 
that included 40-nt homology extensions and 20-nt priming sequence for pKD3 as a 
template. The strain (BW25113) carrying a Red recombinase expression plasmid pKD20 
was grown in 5ml LB medium with 1mM of arabinose and 100µg/ml of ampicillin at 30°C 
until the optical density at 600nm reached 0.3 to 0.4 and then made competent cells  by 
concentrating 10-folds with ice-cold 10mM MOPS-KOH (pH6.8) containing 75mM CaCl2. 
Transformation was done by mixing 150ng of PCR amplified fragment and 200µl of 
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competent cells for 30min at 0°C and then for 3min at 42°C. Shocked cells were added to 
1ml LB and incubated for 1.5h at 37°C.  200µl of the resulting cells were spread onto LB 
plate and incubated at 37°C overnight to select CmR transformants.   
 
Other methods 
 P1 transduction was carried out using the p1kc phage, as described previously（Lennox 
1955）. 
 
Results 
Expression of kdp at acidic condition 
First we investigated the level of expression of kdp by measuring β-galactosidase activity 
with lacZ reporter gene at the log phase.  The strain (YHW10) deficient TrK, Kup and Kdp 
influx systems, can only grow in the acidic medium containing more than 30mM K+, so we 
examined the kdp expression of this strain in the medium containing more than 60mM. The 
expression of kdp decreased as the level of external K+ increased at both pH7.5 and pH5.5 
in all strain (Fig.1-1). Kdp expression was higher at pH5.5 than that at pH7.5 and the 
difference of the expression between the two pH values was small in the wide type strain 
(YHW6) (Fig.1-1A). In contrast, this difference is remarkable in the mutant strain YHW8 
and YHW10 (Fig.1-1B, C), in agreement with a previous study (Asha and Gowrishankar 
1993). There is still high expression under the high medium K+ concentration of about 
200mM in the YHW10 strain (Fig.1-1C). 
 
Measurement of the intracellular K+ in the acid conditions 
The intracellular K+ concentration ([K+]i) was measured in the strain YHW8 in various 
media containing different concentration of K+. [K+]i increased with the increase of medium 
K+ concentration. Contrary to kdp expression pattern, [K+]i level in cells grown at pH5.5 
was lower than those grown at pH7.5 (Fig.1-2). 
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Transport activity of Kdp at low pH 
The internal level of K+ was higher at pH7.5 than that at pH5.5 in the YHW8 cells (Fig.1-2), 
suggesting that the transport activity of Kdp is low at acidic pH. To confirm this suggestion, 
we next measured the transport activity of Kdp. In the YHW8 cells grown at pH7.5, the 
activity measured at pH5.5 was lower than that measured at pH7.5 (Fig.1-3). Such lower 
activity was again observed in cells grown at pH5.5. These results revealed that the K+ 
uptake activity was decreased at low pH and that the low internal K+ level shown in Fig.1-2 
may have been due to low kdp uptake activity. When the cells were cultured at pH 5.5, the 
uptake activity measured at pH5.5 was higher than that measured at pH5.5 in the cells 
grown at pH7.5, in agreement with the data shown in Fig.1-1 that the expression of kdp was 
higher at acidic pH. 
 
Expression of kdp as a function of internal K+ concentration 
There are two possible explanations to account for the elevated expression of kdp at acidic 
pH. The first is that the expression of kdp is dependent on the internal K+ concentration in a 
pH-independent manner and that a low internal level of K+ elevates kdp expression at acidic 
pH. The second is that kdp expression is more sensitive to K+ at low pH. 
To examine these possibilities, we measured the expression of the kdp-lacZ fusion gene as 
a function of the internal K+ level in cells grown in the presence of various amounts of K+ 
within the range that allowed growth at a normal rate. It was previously reported that the 
expression of kdp was affected by external osmolarity (Sugiura et al. 1994). Therefore, 
NaCl was added to adjust the osmolarity of the medium. As shown in Fig.1-4A, the kdp 
expression level as a function of the internal K+ concentration was the same at both pH5.5 
and 7.5. When the osmolarity of the medium was increased to a value equivalent to 100mM 
KCl, the same result was obtained (Fig.1-4B). When the medium osmolarity was increased 
to a value equivalent to 200mM KCl, expression of kdp as a function of the internal K+ 
concentration was almost the same at pH5.5, but that at pH7.5 was increased (Fig.1-4C). In 
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agreement with the previous observation that kdp expression increased under hyper-osmotic 
stress. Interestingly, when the osmolarity of the medium was adjusted to a value equivalent 
to 400mM KCl osmolarity, at pH5.5 kdp expression increased to the similar level as that 
seen at pH7.5 (Fig.1-4D).  
In previous research, our group found that the internal pH was approximately 7.0 and 7.7 
in medium pH of 5.5 and 7.5 respectively in growing E.coli (Mugikura et al. 1990). Our 
present result revealed that regulation of kdp expression by the internal K+ concentration 
was independent of the internal pH under the low osmolarity and that the expression was 
more sensitive to hyperosmosis at pH7.5 than at pH5.5. 
 
 
Table 1. Strains, Plasmids and Phage used in this study. 
 
Strains   Genotype                  Sources and references 
MC4100 F- ∆(arg-lac)U169 araD139 rpsL150        Casadaban (1976) 
ptsF25 flbB5301 rbsR deoC relAl 
TK2240 F- kup1 trkA405 nagA lacZ rha thi                      Epstein et al. (1978) 
YHW6  MC4100 Φ(kdp-lacZ)        This study 
YHW8  TK2240 Φ(kdp-lacZ)                      This study 
YHW10           TK2240 kdpΦ(kdp-lacZ)                              This study   
BW25113   λ- F- derived from BD792                    Datsenko et al. (2000) 
Plasmids 
pRS551         Kmr Ampr lacZ+ lacY+ lacA+                             Simons et al. (1987) 
Phage 
λR25             ' bla 'lacZ lacY+                                                  Jones et al. (1987) 
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Fig. 1-1. Effect of the extracellular K+ on the kdp expression 
 
YHW6 (wild type), YHW8 (trk, kup) and YHW10 (trk, kup, kdp) were grown in 
the synthetic medium at pH7.5 (open bars) and pH5.5 (gray bars) containing the 
indicated amounts of K+. Aliquots of the culture medium (0.2, 0.5 or 1.0ml) 
were harvested, and β-galactosidase activity was measured as described in 
Materials and Methods. The measurement was repeated three times using three 
separate cultures, and each bar represents the mean ± standard deviation.  
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Fig.1-2  Intracellular K+ amount in the strain YHW8 deficient in trk, kup under 
the different concentration of medium K+ 
 
Cells were grown in the synthetic medium at pH7.5 (black bars) and pH5.5 
(white bars) containing the indicated concentration of K+. Intracellular K+ 
concentration was measured as described in Materials and Methods. The 
measurement was repeated three times using three separate cultures, and each bar 
represents the mean ± standard deviation.  
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Fig.1-3  K+ uptake activity in K+-depleted YHW8 cells deficient in trk, kup 
 
YHW8 cells were grown in the synthetic medium at pH 7.5 (circles) and 5.5 
(squares) containing 10mM K+ until the optical density of the medium reached 
0.3. After the internal K+ had been depleted, the cells were suspended in the 
growth medium at pH7.5 (closed symbols) and pH5.5 (open symbols), and the 
mixture was incubated at 37oC as described in Materials and Methods. At 
predefined intervals, cells was harvested through oil, and the K+ concentration 
of the pellet was measured as described in Materials and Methods. Each 
measurement was repeated three times using three separate cultures, and each 
symbol represents the mean ± standard deviation. Standard deviations less than 
0.02 µmoles/mg protein are not represented. 
 
 
 
 
0.2
0
0 5 10 15 20
Time (min)
0.4
0.6
0.8
K
+
(µ
m
ol
/m
g p
ro
te
in
)
 - 16 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-4  Expression of the kdp-lacZ fusion gene and the intracellular K+ level in the 
YHW8 strain deficient in trk, kup  
 
YHW8 cells were grown in the  synthetic medium at pH 7.5 (black circles) and 5.5 
(open circles). (A) The medium contained 5, 10, 30, or 50 mM K+, and NaCl was 
added to adjust the total amount of KCl plus NaCl to 50 mM. (B), (C) and (D) The 
medium contained 5, 10, 30, 60, or 100 mM K+, and NaCl was added to adjust the 
total amount of KCl plus NaCl to 100 , 200 and 400 mM, respectively. At the decided 
interval, 1 ml of the medium was centrifuged through oil, and the internal K+ 
concentration was measured as described in Materials and Methods. Simultaneously, 
aliquots of the culture medium (0.2, 0.5 or 1 ml) were centrifuged, and β-galactosidase 
activity of the pellet was measured as described in Materials and Methods. Each 
measurement was repeated three times using three separate cultures, and each symbol 
represents the mean ± standard deviation. Standard deviations less than 100 units are 
not represented. 
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Discussion 
The activity of all enzymes including transport systems is pH-dependent, and the activities 
of many enzymes and transporters decrease at low pH, and hence living organisms require 
systems which compensate for the decrease. In the case of the K+ transport systems in E. 
coli, the function of Trk, which is the most powerful system for K+ accumulation, declines 
at acidic pH, and Kup acts to compensate for the decline in Trk activity (Trchounian and 
Kobayashi 1999). In addition, our present data suggested that the activity of Kdp is 
decreased at low pH and that the expression of kdp is increased. Eventually, the internal K+ 
level under acidic conditions is maintained at a similar level to that seen at near neutral pH, 
even if only Kdp is operating. Thus, E. coli can maintain their internal K+ level by 
activating Kup and elevating the expression of kdp under acidic conditions.  
It has been proposed that the kdp expression is regulated by the internal K+ concentration 
and medium osmolarity (Sugiura et al. 1994; Jung et al. 2001), but no direct evidence for 
this has been provided until now. Our present study provided the direct evidence to show 
that kdp expression is regulated by the internal K+ concentration. Furthermore, our data 
revealed that the regulation of kdp expression is pH-independent under low osmolarity. It is 
still unclear how kdp expression is regulated by medium osmolarity. KdpD was proposed to 
be able to sense the external osmorality and to phosphorylate KdpE, which regulates the 
kdp operon (Walderhaug et al. 1992). However, there is no direct evidence to prove this 
because we have no way of measuring the phosphorylation level of KdpE in vivo. Recently 
the internal ATP level is dicussed as a stimulus signal for KdpD (Heermann and Jung 2010). 
Whereas ATP concentration change was not observed (data not shown). Various global 
regulators have been demonstrated to have both upregulatory and down-regulatory effects 
on gene expression in E.coli. We checked the effect of deficiency in IHF (integration host 
factor), H-NS (histone-like nucleoid structuring protein), FIS (factor of inversion 
simulation) and Crp (cyclic AMP receptor protein) on the kdp expression by RT-PCR. 
Except that IHF and FIS has a negative effect on the kdp expression, other genes had no  
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effect (data not shown). 
It was shown in this study that the curved line of the kdp expression as a function of the 
internal K+ concentration was shifted with the same shape by the increase in medium 
osmolarity and that the expression of kdp was more sensitive to hyperosmosis at near 
neutral pH. These findings may increase our understanding of the regulation of kdp 
expression by external osmolarity.  
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Chapter2 
 
Regulation of potassium ion level in the stationary phase 
 
Introduction 
When the cell density reaches a high level, E. coli cells enter a non-growth stage known as 
the stationary phase, even if the growth medium contains enough nutrients for growth. 
Morphological changes are observed during the transition to the stationary phase, including 
a rounded shape, loss of flagella, and a thickening of the cell wall. Cells develop resistance 
against multiple stresses, such as heat shock, acidic/alkaline pH, and high osmolarity. In the 
stationary phase, general metabolism is redirected, macromolecular degradation is 
increased, and storage compounds and osmoprotectants are synthesized (Ramírez et al. 
2005). Viability is maintained for a while in growth medium, suggesting that some 
metabolic processes including membrane transport are still active, but the processes 
operating under such non-growing conditions have not been studied in detail. 
In growing cells, intracellular K+ is believed to be important for cellular metabolic 
processes (referring to introduction). It is reasonable to assume that K+ participates in the 
cell functions at the stationary growth phase as well as the exponential growth stage. 
Therefore, studies concerning the regulation of the intracellular K+ concentration are 
essential for increasing our understanding of the cell functions that operate after cell growth 
enters the stationary phase. However, only a few reports have examined the internal ion 
concentrations in the stationary phase, and their results showed a marked decrease and 
increase in the internal levels of K+ and Na+, respectively (Schultz and Solomon 1961; 
Nakajima, et al. 1979). Thus, it remains unclear how the internal K+ level is regulated 
during the period after cell growth enters the stationary phase until cell viability is lost.  To 
understand the role of the K+ pool in the stationary phase, we analyzed the intracellular K+ 
amount in the cells grown to the stationary phase. 
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In the present study, we found that cell viability was maintained for over 20h after cell 
growth had entered the stationary phase, and the intracellular K+ concentration was 
maintained at a higher level than the medium K+ by TrkF and ChaA, but was lower than 
that of growing cells. During this non-growing period, E. coli maintained their intracellular 
Na+ concentration at a level similar to that of growing cells. The maintenance of the 
intracellular K+ amount was abrogated by CCCP in this period, suggesting that the 
intracellular K+ amount was maintained by the proton-motive force under non-growing 
conditions. 
 
Materials and Methods 
Bacterial strains and growth conditions  
The wild-type E. coli strain W3110 and the mutants with defective K+ transport systems 
used in this study are listed in Table 2. The E. coli cells were grown at 37oC in LB nutrient 
medium or synthetic medium containing 5.0 mM Na2HPO4, 20 mM NH4Cl, 1.0 mM 
MgSO4, 0.1 mM CaCl2, 0.1 mM FeSO4, and 0.2 % glucose. Then, 60 mM of MES (2-(N-
morpholino) ethanesulfonic acid), HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid), and tricine (tris (hydroxymethyl) methylglycine) were added to the media at 
pH 5.5, 7.5, and 9.0, respectively. The media pH was adjusted by the addition of NaOH. 
Then, 30 mM KCl were added to the synthetic medium because the mutant with deficient 
K+ uptake systems required more than 20 mM K+ for growth. After being cultured 
overnight, the cells were diluted 1000 fold with fresh medium, and growth was monitored 
by measuring the optical density of the medium at 600nm.  
 
Measurement of the intracellular K+ and Na+ levels  
 Refer chapter 1.  
 
Measurement of K+ uptake activity  
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K+ uptake activity was measured using K+ depleted cells as described previously (Rhoads 
et al. 1976) with the following modifications. After the optical density of the growth 
medium had reached 0.3, the cells were harvested and washed with 60mM HEPES buffer 
containing 5.0mM Na2HPO4 (pH7.5). The cells grown for 18h were harvested and washed 
as described above. The washed cells were then treated with 5.0mM 2,4-dinitrophenol in 
the presence of 30µg/ml chloramphenicol for 30min at 37°C in the same buffer to deplete 
internal K+. The cells were then washed four times with the same buffer and incubated in 
LB medium containing 27 mM K+. The cells were harvested at the indicated intervals, and 
their intracellular K+ concentrations were measured as described above. The measurement 
was repeated three times using three separate cultures, and mean values and standard 
deviations were calculated.  
 
Measurement of water content  
The pellets obtained by the centrifugation of the cultured medium through lauryl bromide 
as described above were dried for 72 hours in a box containing desiccant at room 
temperature, and the difference in weight between before and after the drying was 
measured. The measurement was repeated four times using four separate cultures, and 
mean values and standard deviations were calculated. Drying for an additional 24 hours 
resulted in an additional weight loss of less than 1%. 
   
ATP measurement 
E.coli cells were cultured in LB medium at 37 oC to the logarithmic phase (OD600=0.3) and 
the stationary phase (cultured for 18 hours). Then cells were harvested by centrifugation at 
5000rpm for 1min at 0 oC. ATP was extracted from resulted pellets as follows. The cells 
were treated with 10mM Tris-HCl (pH7.5) containing 4mM EDTA, 50mM MgCl2 and 
50% (V/V) methanol at 70℃ for 30min as described previously (Maharjan and Ferenci 
2003), and centrifuged at 12000rpm for 5min at 0 oC. ATP amount of the supernatant was 
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measured using firefly lantern extracts (Sigma-aldorich.com) with a luminometer (Turner 
Designs, Inc) as described previously (Lasko and Wang 1993). ATP content was measured 
three times using three separate cultures, and mean values and standard deviations were 
calculated. 
 
RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR) 
Cells were cultured in LB medium with 20mM KCl and harvested at the exponential phase 
under various growth conditions. RNA isolation was done with TRI Reagent® (Sigma-
Aldrich® Life Science), and contaminating DNA was digested using DNase I (Takara-Bio, 
Otsu, Japan) according to the manufacturer’s protocol. The concentration and purity of 
RNA were determined using the GeneQuant RNA/DNA calculator (Pharmacia Biotech, 
Cambridge, England). Isolated RNAs were stored at -80°C until used. Synthesis of cDNA 
was performed in 20µl of the reverse transcription (RT) buffer (TOYOBO) containing 1µg 
of RNA, 60ng of random hexamer (Invitrogen Corp, Carlsbad, CA, USA), 10 units of 
RNase inhibitor (TOYOBO, Osaka, Japan), 5X RT buffer (TOYOBO), 1mM of 
deoxynucleoside triphosphate, and 100 units of reverse transcriptase (ReverTra Ace; 
TOYOBO) according to the manufacturer’s protocol. Reverse transcription was performed 
using a PCR thermal cycler Dice (Takara-Bio) under the following conditions :  (1)RT 
reaction: 30°C for 10min, 42°C for 40min, 99°C for 5min and 4°C for 5min. (2) PCR : 
25~30 cycles of 94°C for 0.5min, 59°C for 1min, 72°C for 0.5 min, followed by a final 
extension step of 5min at 4°C. The PCR samples were stored at 4°C. The primers used are 
chaAF GTAGCGCCTTTAGTGTTGTC; chaAR CGTATCACGCATTAGCGTTG. PCR 
products were analyzed by 2% agarose gels, followed by staining with ethidium bromide 
for visualization on a UV transilluminator. 
 
Other methods   
Viable cell number was measured on LB agar plates after dilution with 6mM potassium 
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phosphate buffer (pH7.4) containing 150mM NaCl after incubation for 24 h at 37oC as 
described previously (Bi et al. 2009) . Viability was measured three times using three 
separate cultures, and mean values and standard deviations were calculated. BW25113 
kefC::Cmr was constructed using the method of Datsenko and Wanner (2000) as described 
in chapter 1, and BW25113 kefB::Kmr kefC::Cmr was constructed by P1 transduction with 
P1kc as described previously (Lennox 1955). Trehalose (Chaidedgumjorn et al. 2002), and 
amino acids (Ogahara et al. 1995) were measured as described previously. The extraction of 
RNA and RT-PCR were carried out as described in chapter 1.  
 
Results 
Viability and the water content of the cells in the stationary phase  
When E. coli cells were cultured in LB medium, the increase in their optical density had 
almost stopped after 6 h culture (Fig.2-1), and the total cell number measured with a 
spectro-photometer after 10-fold dilution was the same at 9 and 18 h. The viable cell 
number was 4.7±0.3x109, 5.3±1.1x109, and 5.1±0.6x109 per ml after 9, 18, and 30 h culture, 
respectively, and decreased to 2.0±0.4x109 and 1.2±0.1x109 after 33 and 48 h culture, 
respectively. These results indicated that growth stage entered the stationary phase after 6 h 
under our experimental conditions, and viability was maintained for at least 24 h after cell 
growth had stopped.  
When the E. coli cells were cultured in synthetic medium containing 0.2% glucose, the 
increase in the optical density had almost stopped after 9 h culture (Fig.2-1). The viable cell 
number was 1.1±0.1x109, 0.88±0.12x109, 0.99±0.02x109, and 0.38±0.01x109 per ml at 9, 
18, 30, and 48 h, respectively. These results indicated that growth stage entered the 
stationary phase after 9 h in the synthetic medium, and viability was maintained for at least 
21 h after cell growth had stopped.  
It has been reported that E. coli cells become round in the stationary phase (Ramírez et al. 
2005). The water contents may change with the cell size change, so we measure the amount 
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of water. The water contents of the cells growing in the logarithmic phase and the cells 
cultured for 18 h were 3.17±0.10 and 2.64±0.11µl/mg protein, respectively, in LB medium. 
This value was similar to that found in a previous study (Bakker et al. 1981). In the 
synthetic medium, the water contents of the cells growing in the logarithmic phase and the 
cells cultured for 18 h were 3.12±0.18 and 3.05±0.28 µl/mg protein, respectively. 
 
Time course of  intracellular K+ and Na+ concentrations in the stationary phase  
W3110 were grown in LB and synthetic medium at pH 7.5 with the addition of 20mM and 
30mM KCl respectively. The cells were harvested at the predefined interval. As shown in 
Fig.2-2, The intracellular K+ concentration decreased with the culture time increased. [K+]i 
decreased to one-quarter of its original value during the period from after cell growth had 
entered the stationary phase until cell viability was lost (Fig.2-2A). After viability had 
begun to decline, [K+]i was 0.063±0.001 and 0.062±0.01 mmol/ml cell water at 33 h and 48 
h, respectively. The internal concentration of sodium ions ([Na+]i) at 18 h was less than 0.02 
mmol/ml cell water (0.02 was the minimum detectable value). [Na+]i was 0.063±0.003 and 
0.095±0.005 mmol/ml cell water at 33 h and 48 h, respectively. When proton-motive force 
was dissipated by the addition of 100 µM CCCP (carbonyl cyanide m-chlorophenyl-
hydrazone) (Kinoshita et al. 1984; Mugikura et al. 1990) before cell harvesting at 18 h, 
[K+]i decreased to 0.038±0.004 mmol/ml cell water and the [Na+]i was increased to 
0.123±0.005 mmol/ml cell water. LB medium used in this experiment contained 27 mM of 
K+ and 110 mM Na+. These results suggested that [K+]i and [Na+]i are regulated by proton-
motive force in the period from after growth has entered the stationary phase until viability 
is lost.  
A decrease in [K+]i in the stationary phase was also observed in E. coli cells cultured in 
the synthetic medium 0.2% glucose. (Fig.2-2B). The medium pH continued to decrease 
after cell growth had stopped, it reached 4.8 after 18 hours cultures (Fig.2-2B), suggesting 
that cellular metabolism remains active in the stationary phase despite the absence of 
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growth. It should be noted that medium pH values increased to 8.2~8.4 when cells cultured 
in LB medium were harvested in the stationary phase (Fig.2-2A) 
 
Effect of pH on the intracellular K+ concentration  
The [K+]i in the stationary phase of the cells cultured in LB medium was lower than that of 
those cultured in the synthetic medium (Fig.2-2). It has been reported that K+ uptake 
activity depends on the medium pH in E. coli cells growing during the logarithmic phase 
(Epstein and Schultz 1965; Trchounian and Kobayashi 1999), leading us to assume that the 
difference in the [K+]i between the two media was due to the difference in medium pH in 
the stationary phase. In order to examine this possibility, the cells were cultured for 18 h in 
LB medium in the presence or absence of glucose at various pH. As shown in Fig.2-3, the 
K+ amount was slightly lower at the initial pH 9.0 than that at the initial pH5.5 and pH7.0 
without the addition of glucose during the logarithmic phase, which was in agreement with 
previously observations (Yamasaki et al. 1980). The decrease in [K+]i in the stationary 
phase at acidic pH was lower than that at neutral and alkaline pH. The same result was 
observed in mutant LB2003 (data not shown). When cells were harvested at the stationary 
phase, the medium pH was decreased to 4.68, 4.67 in the presence of 1% glucose or 
increased to 6.20, 8.29 in the absence of glucose from its original value of 5.5 or 7.0, 
respectively. The pH of the pH 9.0 medium was slightly decreased to 8.61 in the absence of 
glucose and markedly decreased to 5.55 in the presence of glucose (Fig.2-3). [K+]i was 
above 0.15 mmol/ml cell water at pH below 6.0 and less than 0.15 mmol/ml cell water at 
pH above 8.0 (Fig.2-3). In the synthetic medium, [K+]i was above 0.15 mmol/ml cell water, 
and pH was less than 6.0 in the stationary phase (Fig.2-2B). These results suggested that the 
[K+]i in the stationary phase is dependent on pH but less dependent on the medium 
composition. In the acidic conditions, K+ may be more accumulated because K+/H+ 
exchange efficiency become lower. 
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Effect of media K+ concentration on the intracellular K+ concentration 
  [K+]i was shown to be maintained by proton-motive force in the stationary phase, leading 
us to assume that active K+ transport systems participate in this process. We therefore 
measured the [K+]i of mutants deficient in K+ transport systems. [K+]i was measured in 
various media containing different amounts of K+. Medium K+ concentration ([K+]e) was 
achieved by the addition of 10 to 100mM KCl to nutrient medium LB. LB medium 
contained 7mM contaminating K+. As shown in Fig.2-4, [K+]i increased with the increase in 
[K+]e up to 60mM in cells growing in the exponential phase and further increase was not 
observed at more than 60mM of [K+]e. The [K+]i in the mutant LB2003 cells (Stumpe and 
Bakker 1997), which have deficient Trk, Kup, and Kdp K+ uptake systems, was almost the 
same as that of the wild type strain in the stationary phase (Fig.2-4), suggesting that Trk, 
Kup, and Kdp K+ transport systems had no effect on the [K+]i . TrkF is the main system 
operating in the stationary phase because TrkF is active in LB2003 cells. 
 
Effect of osmolarity on intracellular K+ amount 
Potassium ion plays an important role in the maintenance of adequate cell turgor pressure, 
and  [K+]i was reported to shift to a higher level under hyperosmosis in cells growing in the 
exponential phase (Epstein and Schultz 1965; Schultz and Solomon 1961). Since LB 
medium contains 85mM NaCl, the influence of the addition of the other osmolar substances 
would be little, we therefore used a synthetic medium whose osmotic pressure was adjusted 
by the addition of non-ionic substance sucrose. 
  In the exponential phase, [K+]i increased under hyperosmotic stress in media containing 
30mM and 100mM KCl at an initial pH of 5.5 and 7.5, respectively. When 200mM sucrose 
was added to the medium containing 30mM KCl at an initial pH of 7.5, [K+]i decreased. 
E.coli can able to maintain K+ at a high level at acidic pH, which was consistent with 
previous observations (Elmore et al. 1990). In contrast to the exponential phase, the 
increase in  [K+]i under hyperosmosis was less in the stationary phase under all conditions 
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tested (Fig.2-5). 
It was reported that the accumulation of compatible solutes and synthesis of 
osmoprotectants, including  amino acids, trehalose and betaines, is important for keeping 
the internal metabolism in growing cells under hyperosmosis (Kempf and Bremer 1998). 
When cells enter into the stationary phase, accumulations of these substances may 
compensate for the K+ role, so we checked the concentration of amino acids and trehalose 
in the  presence of sucrose. The internal level of trehalose at 18h was similar to that in the 
exponential phase in synthetic medium and it is two low to quantify trehalose in the 
presence of sucrose (data not shown). In synthetic medium, the level of glutamate 
decreased with the increase in the amount of γ–aminobutyric acid (GABA) in the stationary 
phase (Fig.2-6). This may be due to the induction of glutamate decarboxylase at low pH, 
since medium pH decreased in the stationary phase. The total amount of glutamate and 
GABA decreased in the stationary phase. These results suggested that the decrease in [K+]i 
in the stationary phase was not compensated by the accumulation of these compatibles 
solutes. When 200mM sucrose was added in the synthetic medium, the glutamate level 
increased 3-fold in growing cells, but the total amount of glutamate and GABA again 
decreased in the stationary phase (Fig.2-6). These data indicated that regulation mechanism 
of osmolarity is different between the logarithmic and stationary phases. 
 
Intracellular K+ concentration under nutrient limitation 
It is still unclear why cell growth enters the stationary growth phase even if a sufficient 
amount of nutrients exists. The change in [K+]i was  measured when cell growth stopped 
due to the nutrient deficiency. W3110 and LB2003 were cultured in media containing 
0.04% and 0.05% of glucose, respectively. The growth of cells stopped when OD600 was 
0.6 under these conditions.  [K+]i decreased to a similar level with that of cells grown in 
nutrient medium at the stationary growth phase in both W3110 and LB2003 (Fig.2-7). 
These data indicated that deficiency of nutrients is not the reason for decrease in [K+]i 
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occured in non-growing cells. 
ATP content in the stationary phase   
Since it was demonstrated that cellular metabolism was still active after growth had stopped, 
the cellular ATP level was measured. The ATP content was 0.67±0.03 and 0.097±0.013 
mmol/ml cell water in cells growing in the logarithmic phase and cells that had been 
cultured for 18 h, respectively. When CCCP was added, the ATP content decreased to 
0.057±0.003 and 0.049±0.002 mmol/ml cell water in the exponential phase and 18 hours 
culture, respectively. These results suggested that energy metabolism was attenuated but 
still active after cell growth had entered the stationary phase. The low [K+]i in the stationary 
phase may be due to the low ATP level. 
 
Effect of the deletion of genes for K+ transport systems on the intracellular K+ 
concentration in the stationary phase  
To investigate whether the K+ extrusion systems are involved in the regulator mechanism in 
the stationary phase. We also measure the [K+]i in various mutants deficient in K+ efflux 
system. It has been reported that KefB and KefC are K+ extrusion systems (Elmore et al. 
1990) and that KefA, KefF, and KefG are their homologues. The deletion of these extrusion 
systems had no effect on [K+]i in the stationary phase (Fig.2-8A).  The decrease in [K+]i  
was also not affected by the deletion of both kefB and kefC. These data suggested that these 
K+ efflux systems do not participate in the decrease in [K+]i in the stationary phase. 
 
Participation of ChaA and RpoS in the maintenance of the intercellular K+ 
concentration in the stationary phase 
ChaA was previously demonstrated to have K+/H+ antiport activity at pH 9.0 and its 
expression increased with the increase in the medium K+ level (Shijuku et al. 2002). Strain 
TO110 (chaA-) was cultured at alkaline LB medium in the presence or absence of 20mM 
KCl. The [K+]i of a chaA deficient mutant was 30% higher than that of its parent strain in 
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the stationary phase (Fig.2-8B). In order to confirm the role of chaA on the K+ regulation, 
we measure the mRNA level of chaA by RT-PCR. The mRNA level of chaA increased in 
the stationary phase (Fig.2-9A). When glucose was added, the medium pH decreased to 6.2, 
the mRNA level was lower than that of cells cultured without the addition of glucose. 
Furthermore, the medium pH continued to decrease to 4.8 after 18 h culture and the mRNA 
level was not almost observed (Fig.2-9A). The [K+]i of the chaA mutant was 0.18±0.01 
mmol/ml cell water in the stationary phase at acidic pH, and this value was similar to that 
observed in the wild type under the same conditions. In cells growing in the logarithmic 
phase, acidic pH also diminished the transcription of chaA (Shijuku et al. 2002). These data 
suggested that ChaA extrudes K+ in the stationary phase at alkaline pH. 
It is now generally accepted that numerous genes functioning in the stationary phase are 
regulated by RpoS, a sigma factor of RNA polymerase (Hengge-Aronis 1993). In this study, 
we found that [K+]i of a mutant deficient in rpoS was 50 % higher than that of its parent 
strain (Fig.2-8B). The mRNA level of chaA in the rpoS mutant was very low in the 
stationary phase (Fig.2-9B), suggesting that RpoS regulates the expression of chaA in the 
stationary phase. These results support the above suggestion that ChaA regulates the [K+]i 
in the stationary phase.  
 
K+ uptake activity in K+-depleted cells  
[K+]i under the steady-state conditions was measured in above experiments. We next 
measured the influx rate of K+ with K+-depleted cells as described in Materials and 
Methods. When the cells were harvested in the logarithmic phase, the W3110 cells 
displayed higher influx rate of K+ than the LB2003 cells, suggesting that the major 
transport systems for potassium ion accumulation, Kdp, Trk, and Kup, were active. 
Interestingly, the K+ influx of K+-depleted W3110 cells was higher than that of LB2003 
cells when the cells were harvested at 18 h (Fig.2-10), although the influx rates of these 
cells was lower than that of the logarithmic phase cells in both strains. After the cells had 
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been cultured for 18h, the [K+]i of the wild type was the same as that of LB2003 cells, 
which have deficient Kdp, Trk, and Kup systems. These results suggested that Kdp, Trk, 
and Kup were present in the wild type cells in the stationary phase but that their activity 
was attenuated.  
 
 
 
 
Table 2 strains used in this study 
 
Strains                          Genotype             Sources and references 
 
W3110              λ- F- derived from E.coli K12           Laboratory stock 
 
BW25113   λ- F- derived from BD792             Datsenko and Wanner 2000 
 
LB2003  F- kup1∆ kdpABC5 ∆trkA rpsL           Stumpe and Bakker 1997 
metE thi rha gal 
 
JW0454  BW25113 kefA::Kmr                         Keio collection* 
 
JW3313  BW25113 kefB::Kmr                   Keio collection 
 
JW0046  BW25113 kefC::Kmr                    Keio collection 
 
JW0045   BW25113 kefF::Kmr                 Keio collection 
 
JW3314   BW25113 kefG::Kmr                        Keio collection 
 
YHW01           BW25113 kefC::Cmr                                This study 
 
YHW02           BW25113 kefB::Kmr kefC::Cmr            This study 
  
TO110  W3110 chaA::Cmr                                  Ohyama et al. 1994  
 
YHW03 W3110 rpoS::Tn10                                      Laboratory stock  
 
*Obtained from National BioResource Project (NIG, Japan): E. coli   
 
Kmr: resistance to kanamycin, Cmr: resistance to chlorampnenicol.        
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Fig. 2-1. Growth of E.coli  W3110 in the different medium 
 
W3110 was grown in LB medium (●) and synthetic medium at pH7.5 
containing 0.2% glucose (★). Growth was monitored as described in Materials 
and Methods. Every points are the average values of three separate culture. 
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Fig. 2-2. Internal K+ concentration of W3110 in the different interval   
 
The wild type strain (W3110) was grown in LB medium containing 27 mM K+ 
(A), synthetic medium containing 30 mM K+ and 0.2% glucose (B). The cells 
were harvested at the indicated times (A and B). The intracellular K+ 
concentration was measured as described in Materials and Methods. The 
experiments shown in this figure were repeated four times using four separate 
cultures. Each bar represents the mean ± S.D., although S.D. values less than 
0.02 mmol/ml cell water are not represented. When the cells were harvested, the 
medium pH values were indicated in the figures. The S.D. values of the medium 
pH were less than 0.1.  
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Fig.2-3. Amount of intercellular K+ concentration of W3110 at various pH 
 
Cells were grown in rich medium LB (pH 5.5, 7.0, 9.0) without or with glucose in the 
presence of 20mM KCl respectively and harvested at the logarithmic (open bars) and 
stationary (grown for 18hr gray bars) phases. The intercellular potassium concentration 
was measured as described in Methods. Each point represents mean ± S.D. of four 
measurements. When the cells were harvested in the stationary phase, the medium pH 
values were  indicated in the figures. The S.D. values of the medium pH were less than 
0.1.  
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 Fig.2-4 Effect of medium K+ concentration on the intracellular K+ level 
 
W3110 (A) and LB2003 (B) cells were grown in LB medium containing 7, 27, 47, 67, 
87, or 107 mM K+ at pH 7.0. The cells were harvested in the logarithmic (white bars) 
and stationary (gray bars) phases. LB2003 was unable to grow in medium containing 
less than 20 mM K+. The experiments shown in this figure were repeated three times 
using three separate cultures. and S.D. values were less than 0.02 mmol/ml cell water 
in all symbols. 
 
 
 
 
 
 
 
 
 
K
+ (
m
m
ol
/m
l c
el
l w
at
er
)
Medium K+ (mM)
0
0.2
0.4
0.6
0.8
A W3110
0 20 40 60 80 100
pH
8.43
pH
8.29
pH
8.2
pH
8.23
pH
8.3
pH
8.26
B LB2003
20 40 60 80 100
pH
8.42
pH
8.42
pH
8.41
pH
8.35
pH
8.27
 - 35 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 2-5 The effect of osmolarity on the intracellular K+ concentration of the wide 
type W3110 at pH7.5 (A) and pH5.5 (B) 
            
 Cells were grown in systhetic medium with the addition of KCl and sucrose 
indicated in the figure. [K+]i was measured as described in Methods. Each point 
represents mean ± S.D. of four measurements. S.D. values less than 0.02 mmol/ml 
cell water in all symbols are not represented. When the cells were harvested in the 
stationary phase, the medium pH values were  indicated in the figures.   
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Fig. 2-6 The amount of amino acids in the W3110 grown in the different media 
 
Cells were grown in systhetic medium with and without 0.2M sucrose and 
harvested in the logarithmic (OD600=0.4) and stationary (grown for 18h) phases. 
The intercellular glutamate (  ) , GABA (□), glutamate +GABA (■)concentrations 
were measured as described in Methods.  
 
 
 
 
 
 
 
 
 
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
log
+sucrose-sucrose -sucrose +sucrose
Glu GABA Glu+GABA
stationary
A
m
in
o 
ac
id
 c
on
ce
nt
ra
tio
n
(m
g/
m
g 
pr
ot
ei
n)
 - 37 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fig.2-7 Effect of the nutrient limitation on the intracellular K+ level 
                
 Cells were grown in the synthetic medium containing 30mM KCl at an initial pH 
7.5 with the addition of 0.04% glucose (W3110) or 0.05% glucose (LB2003 trk, 
kup, kdp). Cells were harvested at the time indicated by the arrow after cell 
growth stopped as shown in the inserted figure, and the [K+]i was measured as 
described in Materials and Methods. The experiments shown in this figure were 
repeated three times using three separate cultures. S.D. values less than 0.02 
mmol/ml cell water in all symbols are not represented. 
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Fig. 2-8 The effects of deletion of genes for K+ efflux systems on [K+]i in the 
stationary phase 
 
Kef deficient mutants (A) and chaA, rpoS deficient mutants (B) were grown in LB 
medium (pH 7.0) with the addition of 20mM KCl, and harvested in the stationary 
phase (grown for 18h). [K+]i were measured as described in Materials and Methods. 
The experiments shown in this figure were repeated three times using three separate 
cultures. S.D. values less than 0.02 mmol/ml cell water in all symbols are not 
represented. When the cells were harvested in the stationary phase, the medium pH 
values were  indicated in the figures.   
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Fig.2-9  Expression of chaA  in the stationary phase 
 
W3110 and the rpoS mutant cells were grown in LB medium containing 27mM K+ 
at pH7.0 with or without 1% glucose and harvested in the logarithmic and stationary 
phases. 16S rRNA was used as a control RNA. (A) The mRNA level of chaA in 
W3110 cells. Lane 1, logarithmic phase cells grown without glucose; Lane 2, 
logarithmic phase cells grown with glucose; Lane 3, stationary phase cells grown 
without glucose; Lane 4, stationary phase cells grown with glucose. When the cells 
were harvested, the medium pH values were indicated in the figures. (B) The 
mRNA levels of W3110 (lane 1) and the rpoS mutant (lane 2) without glucose in 
the stationary phase.   
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Fig.2-10 measurement of transport activity in the logarithmic and stationary phases 
 
W3110 (closed circles) and LB2003 (open circles) cells were grown in LB medium 
containing 27mM K+ and harvested in the logarithmic (A) and stationary (B) phases, 
as described in Materials and Methods. The experiments shown in this figure were 
repeated three times using three separate cultures and S.D. values less than 0.02 
mmol/ml cell water in all symbols are not represented. 
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Our data demonstrated that E. coli cells maintain their viability for over 20 h after cell 
growth stage has entered the stationary phase. However, it remains unclear how cell 
viability is maintained after cell growth has stopped. Certain metabolic processes may be 
required for maintaining cell viability. Since K+ is an essential cation for many metabolic 
enzyme function, the maintenance of the internal K+ level may be important for cellular 
metabolism in the stationary phase as well as during the logarithmic phase.  
Our present results showed that energy metabolism was active for at least 20 h after cell 
growth had stopped and that [K+]i of the cells was maintained at a higher level than the 
medium K+ via energy use. [Na+]i of the stationary phase cells was as low as that of the 
cells in the logarithmic phase. The viable cell number was decreased after 30 h culture in 
the present study, and [K+]i was decreased, whereas the [Na+]i was increased at 48 h. It is 
therefore suggested that E. coli cells maintain their [K+]i at a higher level than the medium  
K+ in order to ensure that they remain viable for a while after cell growth has stopped in the 
stationary phase. A previous paper (Schultz and Solomon 1961) showed that the [K+]i was 
close to the medium K+ concentration and that [Na+]i had increased to the same level as that 
of the medium after 45 h culture. It can be argued that the viability was lost after 45 h 
culture in their study, although no data about viability under their conditions was provided.  
It has been reported that there are two kinds of K+ transport mechanisms, which are 
involved in the net uptake and cycling of K+. K+ cycling is dependent on both a rapidly 
metabolized carbon source and membrane potential (∆ψ) (Kroll and Booth 1981). K+ 
concentration are maintained at constant levels (200mM~500M) in E.coli (Roe et al. 2000). 
In our present study, K+ amount decreased to about 80mM in the stationary phase. We 
supposed the two mechanisms for the decrease in [K+]i during the stationary phase. One 
was the repression of K+ uptake activity, and the other was the activation of K+ extrusion 
systems after the growth entered the stationary phase. It was demonstrated that the major 
transport systems for K+ accumulation, Kdp, Trk, and Kup, were present but that their 
activity was attenuated in the stationary phase (Fig. 2-10). A low ATP level may attenuate 
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the activity of the major K+ transport systems (Kdp, Trk, and Kup) in the wild type because 
Kdp is an ATP-driven transport system and Trk requires the simultaneous availability of 
both ATP and proton motive force (Rhoads and Epstein 1977). In addition, Kup activity is 
low at alkaline pH (Trchounian and Kobayashi 1999). E. coli possesses a fourth system 
named TrkF whose gene has not been identified (Dosch et al. 1991). TrkF is active in 
LB2003 cells as well as wild type cells. The [K+]i of the wild type was similar to that of the 
LB2003 cells in the stationary phase, suggesting that TrkF is the main system for K+ 
accumulation operating during the non-growing stage. 
The deletion of the Kef systems for K+ extrusion had no effect on [K+]i in the stationary 
phase (Fig.2-8A). [K+]i of a chaA deficient mutant was 30% higher than that of its parent 
strain after the mutant had been cultured for 18 h (Fig.2-8B). The expression of chaA 
increased in the stationary phase (Fig.2-9A). ChaA expression was low at acidic pH, and  
[K+]i was not affected by chaA deletion at acidic pH as shown in this study. These results 
suggested that ChaA participates in the maintenance of [K+]i as a K+ extrusion system in the 
stationary phase.  
The mRNA level of chaA increased in the stationary phase (Fig.2-9A). Currently, no gene 
involved in the regulation of chaA expression has been identified. It has been proposed that 
chaB and chaC, which are located upstream of chaA, regulate chaA expression (GenBank 
database), but no change in chaA expression was observed after the deletion of chaB and 
chaC (data not shown). Our present results suggest that the expression of chaA is 
upregulated by RpoS in the stationary phase (Fig.2-9B), and this may account for the 
increased [K+]i seen in the rpoS mutant. It is possible that another unidentified K+ extrusion 
system(s) that is regulated by RpoS participates in the maintenance of [K+]i in the 
stationary phase together with TrkF and ChaA. 
Interestingly, [K+]i was not affected by medium osmolarity in the stationary phase. The 
accumulation of compatible solutes and osmoprotectants under hyperosmosis is essential 
for maintaining internal metabolism in growing cells, and K+ is suggested to be the main 
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compatible solute. It has been proposed that other compatible solutes such glutamate, 
trehalose are accumulated under hyperosmotic stress (McLaggan et al. 1994; Dinnbier et al. 
1988). The decrease in [K+]i in the stationary phase was not compensated by the 
accumulation of trehalose, glutamate and GABA. The regulation of the turgor pressure may 
be less in the stationary phase. 
It is still unclear why [K+]i is maintained at a low level in the stationary phase. It was 
reported that K+ is essential for protein synthesis (Schlessinger 1964) and that protein 
synthesis stops with the change in ribosomal structure in the stationary phase to protect 
against ribosomal degradation (Ueta et al. 2005). Recent crystallography have demonstrated 
that K+ binds to ribosomes (Conn et al. 2002), suggesting that the binding of K+ to 
ribosomes is required for ribosomal functions. There have been no reports concerning the 
effective concentration of K+ for protein synthesis at various pH values. [K+]i was higher in 
the acidic concentrations.  If the binding of K+ to ribosomes is required for protein synthesis, 
a high concentration of K+ may be required in the presence of a high level of H+ under the 
acidic condition. The decrease in [K+]i might cause a change in ribosomal structure in order 
to attenuate protein synthesis in the stationary phase.  
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions  
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☆The expression of kdp is regulated by the internal K+ concentration under the low 
osmolarity in a pH-independent manner. 
 
☆Cell viability was maintained for over 20h, the intracellular K+ concentration was 
maintained at a higher level than that of the medium in the stationary phase. 
 
☆ Low ATP level attenuate the activity of the major K+ transport systems (Kdp, Trk, and 
Kup) in the stationary phase. 
 
☆ Intracellular K+ amount was maintained by proton-motive force under non-growing 
conditions. 
 
☆TrkF and ChaA participate in the regulation of intracellular K+ in the stationary phase.  
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